The trans-Golgi network (TGN) plays a central role in cellular secretion and has been implicated in sorting cargo destined for the plasma membrane. Previously, the Arabidopsis (Arabidopsis thaliana) echidna (ech) mutant was shown to exhibit a dwarf phenotype due to impaired cell expansion. However, ech also has a previously uncharacterized phenotype of reduced male fertility. This semisterility is due to decreased anther size and reduced amounts of pollen but also to decreased pollen viability, impaired anther opening, and pollen tube growth. An ECH translational fusion (ECHPro:ECH-YELLOW FLUORESCENT PROTEIN) revealed developmentally regulated tissue-specific expression, with expression in the tapetum during early anther development and microspore release and subsequent expression in the pollen, pollen tube, and stylar tissues. Pollen viability and production, along with germination and pollen tube growth, were all impaired. The ech anther endothecium secondary wall thickening also appeared reduced and disorganized, resulting in incomplete anther opening. This did not appear to be due to anther secondary thickening regulatory genes but perhaps to altered secretion of wall materials through the TGN as a consequence of the absence of the ECH protein. ECH expression is critical for a variety of aspects of male reproduction, including the production of functional pollen grains, their effective release, germination, and tube formation. These stages of pollen development are fundamentally influenced by TGN trafficking of hormones and wall components. Overall, this suggests that the fertility defect is multifaceted, with the TGN trafficking playing a significant role in the process of both pollen formation and subsequent fertilization.
Pollen production and release is a critical stage in plant development that typically involves gene expression from over half of the genome. The extent of genomic involvement in pollen development is illustrated by the high frequency of mutations that result in a failure of male fertility; these can be a consequence of the failure of pollen development or pollen release, dehiscence. Detailed analysis of male-sterile mutants in Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa) has improved the basic understanding of pollen and anther development (Scott et al., 2004; Ma, 2005; Wilson and Zhang, 2009; Cui et al., 2012) ; however, there are multiple aspects of pollen formation that are still unclear, and many defects result in uncharacterized effects of reduced fertility or complete sterility.
The ECHIDNA (ECH) gene was initially identified from expression profiling of the vascular cambium in poplar (Populus spp.) and associated with secondary xylem formation (Hertzberg et al., 2001 ). The Arabidopsis ech mutant was shown to have a bushy stature with defects in root and hypocotyl elongation, which was linked to defective cell expansion and elongation (Gendre et al., 2011) . Analysis of roots in the ech mutant and complementation analyses in yeast showed that the ECH protein impacts on cell expansion by mediating trans-Golgi network (TGN) secretory trafficking but does not affect endocytosis (Gendre et al., 2011) . However, in addition to the defects associated with plant stature, the ech mutant also displays a previously unreported phenotype of reduced fertility.
Pollen development occurs in a specialized organ, the stamen, which comprises anthers that hold the developing pollen supported by a filament containing the vasculature connections. Stamen primordia arise from divisions in the L1, L2, and L3 layers in the floral meristem. Divisions in the L2 layer result in four clusters of archesporial cells that subsequently form the central sporogenous cells, which are surrounded by four maternal cell layers: the tapetum, middle cell layer, endothecium, and outer epidermis (Scott et al., 2004) . The structure of the maternal anther cell layers has been shown to be critical for the production and release of functional pollen, as demonstrated in a number of male-sterile mutants, which have defects in cell division and early stages of differentiation of the tapetum and sporogenous cells. For example, mutants of the Leu-rich repeat receptor kinase EXTRA SPOROGENOUS CELLS (EXS)/EXCESS MICROSPOROCYTES1 (Canales et al., 2002; Zhao et al., 2002) and its ligand TAPETAL DETERMINANT1 (Jia et al., 2008) result in sterility due to the formation of additional male sporocytes and a lack of tapetal cells.
The tapetum has been shown to be critical for functional pollen formation, with many of the characterized malesterile mutants exhibiting abnormal tapetal development, including DYSFUNCTIONAL TAPETUM1 (DYT1; Zhang et al., 2006; Zhu et al., 2008) , TAPETAL DEVELOPMENT AND FUNCTION1 (TDF1; Zhu et al., 2008) , ABORTED MICROSPORES (AMS; Sorensen et al., 2003; Xu et al., 2010) , and MALE STERILITY1 (MS1; Wilson et al., 2001; Ito and Shinozaki, 2002) . After differentiation, the tapetum layer becomes metabolically highly active and plays an essential role in the biosynthesis and secretion of sporopollenin and other wall materials for the developing pollen, prior to breakdown via programmed cell death (Ariizumi and Toriyama, 2011) . A frequently observed phenotype in male-sterile mutants is enlarged tapetal cells that show defects in secretion and subsequent alterations in programmed cell death breakdown (Wilson and Zhang, 2009 ). This indicates the important role that the tapetum plays in the regulation of pollen development and, in particular, the passage of materials to the central locule for viable pollen production.
Male-sterile phenotypes have also been identified due to a failure of pollen release, dehiscence. Secondary thickening occurs specifically in the endothecium layer of the anther; this layer and the presence of selective thickening within it are critical to generate the differential forces that are required for anther dehiscence and pollen release Nelson et al., 2012) . The importance of this secondary thickening is demonstrated in the myb26 mutant (Yang et al., 2007) and in the double NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 NAC SECONDARY WALL THICKENING PROMOTING FACTOR2 (nst1 nst2) mutant (Mitsuda et al., 2005) , which lack endothecium thickening and, as a result, fail to dehisce (Nelson et al., 2012) .
Previous investigations of the ech mutation indicated that it is impaired in TGN secretion, resulting in dwarf plants with defects in root and hypocotyl cell elongation. The ech mutant also has an uncharacterized phenotype of impaired male fertility; therefore, a detailed analysis of reproduction in the ech mutant was conducted. ECH expression was seen in the anther tapetum during the early stages of tapetal development and microspore release but was subsequently detected in the pollen, pollen tube, and stylar tissues. The reduced fertility was linked to decreased anther size and pollen production but also to reductions in pollen viability, anther opening, and pollen tube growth. The anther wall thickening was reduced and disorganized in ech, possibly as a consequence of altered secretion of wall materials through the TGN. The male-sterile myb26 mutant has defects in anther endothecium wall thickening resulting in a failure of dehiscence; the ech myb26 double mutant exhibits the phenotypes of both mutants and fails to produce secondary thickening, indicating that the ECH-mediated pathway is acting independently of or upstream through MYB26, possibly by providing the components required for secondary cell wall thickening. The reduction in male fertility, therefore, is likely to be a consequence of multiple effects due to altered secretion in the anther because of impaired TGN transport in the ech mutant; the resulting defects are associated with tapetum and pollen wall development but also anther dehiscence and pollen tube formation.
RESULTS

ech Mutants Are Dwarf and Highly Branched and Show Reduced Fertility
The homozygous ech mutant, as reported previously (Gendre et al., 2011) , has a dwarf phenotype with a high level of branching. However, the ech mutant also exhibited significantly reduced fertility, although some normal silique elongation and seed set still occurred, particularly late in development (Fig. 1) . The ech mutant is from the SAIL mutant population (Sessions et al., 2002) , which was generated in the quartet (qrt) mutant background. The qrt mutation affects polygalacturase breakdown after pollen mother cell meiosis and thus enables tetrad analysis to be conducted; however, there is no overall effect on fertility (Preuss et al., 1994) . Thus, the phenotype of incomplete tetrad separation in the ech qrt double mutant is likely to be due to the presence of the qrt mutation, while the reduction in fertility is likely to be principally associated with the lack of ECH expression and not due to the effect of the qrt mutation. Flowers from the ech mutant had a normal external morphology with the typical organ number, except that the sepals were slightly paler green than the wild type. The reduction of fertility was associated with male reproduction, since emasculated ech flowers had full seed set when pollinated with wild-type pollen, indicating that female fertility was not significantly affected. Early stamen filament development appeared to be generally normal; however, although filament extension occurred, this was reduced compared with the wild type; thus, at full maturity, the anthers did not completely reach the top of the pistil (Fig. 1, D and E) . The ech anthers also had a slightly distorted shape and were significantly smaller than the wild type. Pollen was visible in the ech anthers; however, anther dehiscence was also impaired, with some anthers failing to dehisce while others only partially opened, with the pollen remaining predominantly inside (Fig. 1, D-G ).
Pollen and Anther Development Is Impaired in ech Mutants
The ech anthers were smaller and slightly malformed, with a squat shape and individual locules that failed to develop; however, some viable pollen was present ( Figs. 1 and 2) . The early stages of ech anther and pollen formation appeared generally normal, with the anthers developing the correct number of cell layers and pollen mother cell meiosis commencing as in the wild type (Fig. 2, A and D) ; however, by the later stages of pollen formation, a high proportion of pollen degeneration had occurred (Fig. 2, E , F, H, and I) compared with the wild type (Fig. 2, B and C) . This could be seen as small, misshapen, or broken microspores and immature pollen in sectioned material or as inviable pollen by Alexander staining of fresh anthers. Frequently in ech, individual anther locules failed to develop, resulting in the anthers having an abnormal, malformed shape ( Fig. 2H ; Supplemental Fig. S1 ). During stages 10 and 11 of anther development (Sanders et al., 2005) , at the initiation of tapetal degeneration and pollen mitosis I, the tapetum and anther wall tissues in ech showed dense staining with toluidine blue, with high levels of material in the locule and tapetal tissues (Fig. 2 , E and H); this may reflect pollen wall materials that are not being secreted correctly or are accumulating in the anther locule in the ech mutant. In the corresponding stage in the wild type, the tapetum was beginning to break down and much lower amounts of materials were seen, presumably due to their correct secretion for normal pollen development (Fig. 2B) . As pollen development proceeded, large amounts of abnormal material could be observed in the ech locule associated with degeneration of the tapetum (Fig. 2 , E and I), followed by subsequent degeneration of some of the pollen. The ech anther appeared highly constricted, with very prominent secondary thickening in the endothecium layer (Fig. 2 , E and F, white arrows), compared with the wild type (Fig. 2 , B and C). Varying levels of severity of impaired pollen development were observed, with some ech anthers showing limited pollen degeneration (Fig. 2 , E and F) while others failed to develop normal locules (Fig. 2H, arrows) or had completely degenerated pollen (Fig. 2I) .
Nuclear 49,6-diamino-phenylindole (DAPI) staining indicated that both the wild type and the ech mutant initiated meiosis and tetrad development; however, in ech, abnormal nuclei were seen in the tetrads, with diffuse staining of nuclear material suggesting nuclear degeneration and in severe cases collapse of microspores (Fig. 2, G and J) . The ech mutant was generated in the qrt1-1 mutant background, in which the microspores fail to separate and the products of single meiotic events are kept together throughout pollen development (Preuss et al., 1994) . This allows the nature of the fertility defect, whether gametophytic and/or sporophytic, to be determined (Johnson-Brousseau and McCormick, 2004) . Pollen was examined from anthers of open wild-type (qrt) and ech flowers. Viability staining (Alexander, 1969) revealed that almost all of the wild-type (qrt) pollen tetrads contained four viable pollen grains (84.5%; Table I ). A lower number of pollen tetrads were observed in the ech mutant, and these had a much higher frequency of abortion (Table I) . Only 18% of the ech pollen tetrads contained four viable pollen grains, while 24% and 18% had one and two dead pollen grains, respectively. Most had three inviable pollen grains (34%); however, a very few (6%) showed completely degenerated pollen (Table I ). This frequency of abortion does not equate to the typical 50% abortion seen in gametophytic defects, suggesting that the ech defect is sporophytic in nature; this was further confirmed by the 3:1 segregation of the ech phenotype and as previously shown by segregation of the vegetative phenotype (Gendre et al., 2011) .
The ech mutant produced a reduced amount of mature pollen; however, some of this was viable, as indicated by Alexander viability staining and by the ability of the plants to self-fertilize and produce some seed. In vitro germination analysis indicated that ech pollen germination was much reduced compared with the wild type, with only 1% of the ech pollen able to germinate compared with 37% in the wild type (Table II) . The length of the ech pollen tube was also reduced by approximately 20% compared with the wild type (Table II) . Despite the reduced quantity of viable ech pollen and its impaired rate of germination, a low level of self-fertilization was seen, with subsequent seed set indicating that some of the pollen is evidently functional in planta. Scanning electron microscopy analysis showed that the surface of ech pollen was irregular compared with the wild type (qrt) and frequently collapsed, although the overall exine patterning appeared relatively normal ( The early stages of pollen development, specification of cell layers and tetrad formation, and microspore release occurred normally in the ech mutant (D). However, post meiosis, abnormal tapetal development (E and H; arrowheads) and inviable pollen (F; arrowheads) and degeneration (I) were seen in ech. The secondary thickening that developed in the endothecium tissues (white arrows) appeared to be reduced and disorganized in ech (E, F, H, and I) compared with the wild type (B and C). Different levels of severity of phenotype were observed in the ech mutant; the most severe cases had completely malformed anther locules (H; arrows) and total pollen degeneration (I). G and J, DAPI-stained tetrads indicating the chromosomes and meiotic progression. J, Wild-type (qrt) pollen, showing typical incomplete separation of the tetraspores, as seen in the qrt background, but normal chromosome staining and meiotic progression. G, ech tetrads, showing incomplete microspore release associated with the qrt mutation but also occasional collapsed microspores with a lack of chromosomal staining. K, Wildtype (qrt) pollen with regular wall formation. L, ech pollen, showing some collapsed pollen. e, Epidermis; en, endothecium; m, middle cell layer; T, tapetum; te, tetrad. Bars = 50 mm (A-J) and 10 mm (K and L).
ech Anthers Have Reduced Cell Division and Expansion with Altered Secondary Thickening
The length and width of the ech anthers were significantly reduced, on average by 25.8% and 11.3%, respectively ( Fig. 3) , compared with the wild type. Cell numbers in the anther were analyzed to determine the nature of this reduced size; the numbers of endothecium cells were counted from transverse sections taken prior to dehiscence of the anthers. There was a 23.2% reduction in endothecial cell number in ech anthers (Fig. 3) . Although cells were counted at dehiscence, this reduction in cell number was clearly evident in the ech anther sections from the tetrad stage (stage 7) onward (Fig. 2, B and E). These data suggest that the reduction in anther size may be due to reduced levels of cell division as well as cell expansion.
Lignocellulosic secondary thickening in the anther endothecium is an essential requirement for dehiscence and pollen release and, thus, is vital for male fertility. By pollen mitosis (stage 11), both the wild type and the ech mutant showed endothecium expansion and the development of secondary thickening in the normal cell layers; however, this appeared perturbed in ech (Fig. 2,  B and E). The anther secondary thickening was analyzed by confocal microscopy using acridine orange/ ethidium bromide stain, which differentially stain cellulose and lignin (Yang et al., 2007) . As discussed previously, the ech endothecium had decreased numbers of cells compared with the wild type, with reduced cell expansion. The ech endothecium cells showed abnormal secondary thickening patterning, which was reduced and disorganized as compared with the wild type (Fig. 4, A-D) . When analyzed under equivalent intensity of excitation light and gain to the wild type, the ech mutant showed significantly less signal, suggesting a corresponding reduction in cell wall biosynthesis/altered composition of the anther cell wall (Supplemental Fig. S2 ). Normal stomium and septum development was seen, with lysis of the septum occurring apparently normally (Fig. 4, E and F) . Nonetheless, dehiscence in the ech mutant was frequently incomplete and less effective than in the wild type (Fig. 1, D and E); this may be a consequence of the smaller endothecium cells with decreased amounts of irregular, disorganized secondary thickening that restrict anther opening.
Fertility in ech Was Not Rescued by Exogenous Applications of GA, Auxin, or Jasmonic Acid
In ech mutants, male fertility is reduced in part due to pollen degeneration but also due to inefficient pollen release and pollination, with the ech mutant filament significantly shorter than the wild type (Fig. 1, D and E). Our observations prompted us to investigate whether these defects might be due to hormonal concentration effects during reproductive development in the ech mutant. The ech mutant is known to have impaired TGN trafficking, possibly affecting brassinosteroid (BR) movement (Gendre et al., 2011) , and has recently been shown to affect trafficking of the auxin influx carrier AUX1 (Boutté et al., 2013) . Previous work has shown the significance of hormones during plant reproduction; auxin has been shown to have a major effect on secondary thickening and anther development (Nagpal et al., 2005; Cecchetti et al., 2008 Cecchetti et al., , 2013 , GA on male fertility (Plackett et al., 2011 (Plackett et al., , 2012 , and jasmonic acid (JA) on filament extension (Ishiguro et al., 2001) . In separate studies, male-sterile mutants associated with hormone deficiencies have been overcome by hormone applications (Wilson and Zhang, 2009) . Therefore, the effects of Table I . Pollen viability in the ech mutant Tetrad analysis is shown for pollen mother cell meiotic products in the wild type (qrt) and ech. In the qrt background, the tetraspores fail to separate, enabling the viability of the meiotic products to be determined (Preuss et al., 1994 supplementing the ech mutant flowers with exogenous auxin, GA, and JA were evaluated. Plants were sprayed with hormones once the plants were in full flowering and three flowers had formed; this was repeated after a further 4 d. Male-sterile mutants typically have small, short siliques due to the failure of silique extension as a result of a lack of seed set. A quantitative assessment of fertility was made by measuring the length of four siliques per plant, while checking also that seed formation was absent/reduced and corresponded to the silique elongation, and also by assessing the total number of fully developed seed-containing siliques per plant. In all cases, silique length and associated seed development were reduced in the ech mutant as compared with the wild type, although a high level of variation was observed in silique length and the percentage of fertile siliques. The hormone treatments did not appear to have any significant effect upon fertility or on the level of variation in the fertility observed (Fig. 5) ; seeds generated in the partially elongated siliques were fertile and used to maintain the line in further generations.
ECH Is Differentially Expressed within the Developing Anther, Pollen, and Pollen Tubes ECH expression was analyzed during anther and pollen development using the ECHPro:ECH-YELLOW FLUORESCENT PROTEIN (YFP) line that had been developed by Gendre et al. (2011) ; developmentally regulated expression was seen in the anther, pollen, and stigmatic tissues. ECH expression was initially detected in the tapetal tissue of the anther during the free microspore stage (pollen mitosis I-pollen mitosis II; Fig. 6 , A-D). However, after tapetal degeneration, expression was only detected in the developing microspores and not in the maternal anther cells (Fig. 6, E and F) . Expression was subsequently observed in the free pollen, developing pollen tubes, and stylar tissues (Fig. 6 , G-L) and also in the ovule integuments (Fig. 6, M-P) . , and those linked to endothecium secondary thickening and anther dehiscence (MYB26, NST1, and NST2). ECH had been previously linked to the TGN and the passage of materials destined for the plasma membrane (Gendre et al., 2011) and specifically implicated in the sorting of cargo destined for the plasma membrane or secretion, including the BR receptor kinase BRASSINOSTEROID INSENSITIVE1 (BRI1; Gendre et al., 2011) , and more recently the movement of pectin and xyloglucan through the TGN and the auxin influx carrier AUX1 (Boutté et al., 2013) . Therefore, the expression of genes associated with the BR pathway (TRANSIENT DEFECTIVE EXINE1 [TDE1], BRI1-EMS SUPRESSOR1 [BES1], and CELLULOSE SYNTHASE-LIKE D1 [CSLD1]), including the receptor kinase BRI1, was also investigated.
The expression of all the genes tested that are known to be associated with the regulation of pollen development was down-regulated in ech buds (Fig. 7, A-C) . Expression still occurred, however, in most cases but was reduced by about 50%, which may be a reflection of the smaller anthers and impaired development of the pollen in the ech mutant. Genes associated with the regulation of anther secondary thickening, particularly MYB26 and NST1, showed a more pronounced down- regulation (Fig. 7C) , which may be an indication of the altered level of secondary thickening observed in the ech mutant endothecium. This suggests that ech is generally affecting multiple, key aspects of pollen and anther formation, which are associated with tapetal and endothecium function, as well as pollen wall development.
BRs have been shown to regulate a number of key genes involved in pollen development, including SPL/ NOZZLE, TDF1, AMS, MS1, and MS2 (Ye et al., 2010) , and also to be involved in xylem differentiation (Yamamoto et al., 2007) . TDE1 has also been associated with BR biosynthesis and pollen exine formation (Ariizumi et al., 2008) . The expression analysis of the BR-related genes showed varied results, with BRI1 and TDE1 showing no significant changes in expression in ech buds; however, BES1 was enhanced in ech (Fig. 7D) . CSLD1 has high sequence similarity to CESA proteins and is thought to be involved in cellulose synthesis during pollen tube growth (Wang et al., 2011) . The ech buds showed enhanced expression of CSLD1, which may reflect the alteration of cellulose synthesis during pollen development and pollen tube growth, possibly due to the reorganization of wall biosynthesis as a consequence of altered TGN trafficking.
ECH Affects Secondary Thickening in the Endothecium But Is Not Directly Associated with the Regulation of Secondary Thickening by MYB26
The ech mutant showed reduced endothecium cell size and number, altered endothecium thickening, and abnormal dehiscence. Since the MYB26 transcription factor regulates anther endothecium cell expansion and secondary thickening (Yang et al., 2007) , the relationship between these two genes was investigated. The ECHPro:ECH-YFP construct was introduced into the myb26 background to determine whether MYB26 had any effect on ECH expression. The plants were selected based upon their sterility and confirmed by PCR genotyping. Confocal microscopy indicated that ECH expression was not significantly affected by the myb26 mutation (Supplemental Fig. S3 ). The ECHPro:ECH-YFP construct showed a similar pattern of expression to that seen in the wild-type background, with expression observed in the tapetum during the free microspore stage (pollen mitosis I-pollen mitosis II), in the pollen grains after tapetal degeneration, and then in the developing pollen tubes and the ovule integuments (Supplemental Fig. S3 ). Abnormal secondary thickening was observed in the ech mutant; therefore, a double mutant was generated between myb26 and ech to determine the relationship between the two genes. The double mutant had the phenotype of both mutants, with male sterility, reduced stature, and highly branched growth habit; ECH expression appeared normal in the myb26 mutant (Supplemental Fig. S3 ). The disorganized secondary thickening observed in ech was not apparent in the double mutant ech myb26, which showed the complete male sterility due to a lack of endothecial thickening and an associated failure of dehiscence, as seen in the single myb26 mutant. This suggests that the effects on secondary thickening associated with ECH are upstream of the MYB26 secondary thickening pathway. Therefore, it is likely that there is no direct connection between the ECH and MYB26 pathways in their effects on anther development, and in particular secondary thickening, despite the down-regulation of MYB26 expression in the ech background (Fig. 7) ; however, the lack of thickening in the double mutant indicates that ECH acts upstream of MYB26, possibly by providing pectin and hemicellulose molecules to the plasma membrane for secondary thickening in the anther.
DISCUSSION ech Shows Reduced Male Fertility Due to Defects in Pollen Formation and Release and Pollen Tube Growth
The reductions in fertility observed in the ech mutant were principally associated with defects in ECHPro:ECH-YFP expression is seen in the tapetal tissue of the anther (A and D) during pollen mitosis I to pollen mitosis II, but no expression was seen in the free microspores. However, after tapetal degradation during pollen mitosis II, ECHPro:ECH-YFP expression was no longer seen in the anther but was detected in the immature pollen grains (E and F). This expression was maintained in the mature pollen grains after dehiscence (G and H), during pollination on the stigmatic surface (H, I, and L), and in the pollen tube during subsequent growth (H, I, and L). Expression was also seen in the stylar tissues (I and L) and in the ovule integuments (P). Bars = 75 mm (A-F), 50 mm (G), 42.4 mm (H), 81.2 mm (I-L), and 30.4 mm (M-P).
male reproduction, with female fertility proceeding normally. A number of phenotypic changes were observed that all impacted on effective male gamete production and fertilization, including reduced pollen production, due to impaired development during and post meiosis, shorter stamen filaments, impaired dehiscence, and reduced pollen germination/tube growth. The ech anthers were significantly smaller than the wild type, due to a decrease in cell number and also reduced expansion of these cells. The decrease in anther cell number was particularly evident in the endothecium and epidermal cell layers from the tetrad stage onward. Previously, analysis of vegetative growth in the ech mutant indicated that the reduction of growth was linked to decreased cell elongation (Gendre et al., 2011) ; however, it may be that there was also an associated reduction of cell number that contributed to the overall dwarf phenotype. Anther dehiscence was delayed compared with the wild type, and the filament length in the ech mutant was reduced, resulting in dehiscence occurring below the pistil rather than at the same level, as in the wild type. Similar effects had been reported previously in JA (e.g. dde1 [Sanders et al., 2000] and dad1 [Ishiguro et al., 2001] ) and GA mutants (Plackett et al., 2011) . However, the defects in ech fertility could not be rescued by treatment with the hormones indole-3-acetic acid, GA, and JA. In addition to the smaller cell size in ech anthers, there was also frequent abortion of some locules and malformed anther structure. Similar aberrations have been observed in the DELLA and GA mutants, which suggests that alteration of the anther hormone levels may impact upon the synchrony between the anther locules.
ECH has been identified previously as a conserved component of the TGN that is functioning in root and hypocotyl tissues and that is associated with the delivery of cell wall components, such as xylans and pectins, to the plasma membrane (Gendre et al., 2011 . The observed effects on anther development are consistent with the impaired delivery of cell wall components; however, given the range of phenotypic changes and the importance of hormones during anther development, it may also be that localized hormone levels are affected in the anther as a consequence of the impaired TGN trafficking and that this is impacting on male reproduction. An overall reduction in microspore and pollen formation was observed in ech; initiation of pollen meiosis appeared to be normal, although fewer initial tetrads were seen and degeneration of the meiotic products in the tetrads was observed, yet some functional pollen was seen, as indicated by self-fertilized seed set (Fig. 2) . This suggests a degree of redundancy in TGN trafficking in the anther and pollen, which is ensuring sufficient trafficking for a threshold of materials to accumulate that enables some pollen development to occur. Defects in pollen tube growth due to defective trafficking of components to the pollen tube tip have been reported previously. For example, CSLD1 and CSLD4 are targeted to the Golgi apparatus and transported to the plasma membrane to participate in cellulose deposition at the tip of the growing pollen tube; mutations in both genes cause a significant reduction in cellulose deposition and the organization of pollen tube wall layers (Wang et al., 2011) . Glycosyltransferases have also been linked to pollen tube growth, with defects in the production of the Golgi-localized MALE GAMETOPHYTE DEFECTIVE4, which encodes a rhamnogalacturonan II xylosyltransferase, resulting in impaired rhamnogalacturonan II synthesis and defective pollen tube and root growth (Liu et al., 2011) . The oscillatory increase in growth in lily (Lilium longiflorum) pollen tubes has also been shown to correlate with exocytosis and the increase of wall materials in the growing tube (McKenna et al., 2009) . Therefore, the reduced rate of pollen germination and tube growth seen in ech is likely to be due, at least in part, to the defective TGN, possibly associated with pectin trafficking, during pollen tube growth.
Pollen Wall Production Occurs in ech
Genes linked to pollen development showed downregulation in ech; this was seen in genes associated with the early events in anther differentiation but also those related to wall deposition, anther dehiscence, pollen maturation, dehiscence, and pollen tube germination (Fig. 7) and may be partly due to the impaired development of the anther and abnormal breakdown of the tapetum, resulting in a reduction of gene expression. This is a common phenotype seen in many male-sterile mutants, particularly those associated with biosynthesis and secretion of the pollen wall materials (VizcayBarrena and Wilson, 2006; Zhang et al., 2006 Zhang et al., , 2008 Xu et al., 2010) . Nevertheless, some viable pollen was formed, although this pollen was less effective in germination and pollen tube growth. The mature ech pollen exine and sporopollenin patterning appeared normal (Fig. 2, K and L) ; however, the pollen was frequently collapsed and nonfunctional, indicating defective wall composition. ECH has been linked previously to controlling the balance between secretory trafficking and vacuolar targeting (Gendre et al., 2011) and in particular pectin and xyloglucan transport . CSDL1 is a member of the cellulose synthase superfamily that has been shown to have a role in pollen tube growth (Wang et al., 2011) ; CSDL1 expression was significantly increased in the ech mutant. This altered expression may reflect a compensation mechanism that is acting to increase cellulose biosynthesis during pollen development in the absence of normal TGN-mediated trafficking of pectin and other cell wall components. These data suggest that Golgi trafficking is key to the pollen wall synthesis and formation process; however, the formation of some functional pollen indicates that there is at least partial redundancy in the TGN trafficking to enable limited fertility to be maintained. (Gendre et al., 2011) . The TGN trafficking pathway has been associated with the transport of cargo from the Golgi to the plasma membrane; these have typically been defined by the secreted GFP but include BRI1 and cell wall components like xyloglucans and pectin. Therefore, it was speculated that hormone transport might also be affected in the ech mutant. A number of hormones have been linked previously both to pollen production and dehiscence; auxin has been key for the production of early events in anther development and also the initiation of secondary thickening processes (Cecchetti et al., 2008 (Cecchetti et al., , 2013 . BRs have been shown to control many aspects of gene expression associated with pollen formation (Ye et al., 2010) . A number of mutants in the BR pathway have been identified; these generally exhibit dwarfed stature and frequently have fertility defects, and often a dark green appearance, which was not observed in ech. Most of the severe BR mutants show a reduction in pollen viability, partly due to a reduction in cell elongation and an associated short anther filament (Azpiroz et al., 1998) , although the BR biosynthetic mutant constitutive photomorphogenesis and dwarfism had been linked previously to defects in pollen tube growth (Szekeres et al., 1996) ; however, this was not seen in a subsequent analysis (Ye et al., 2010) . BES1, a key transcription factor associated with BR signaling, has been shown to directly regulate a number of genes linked to pollen formation (SPL/ NOZZLE, TDF1, MS2, MYB103, MS1, and At3g23770; Ye et al., 2010) ; however, these genes still showed some expression in the ech buds, suggesting that the defect in ech is reducing gene expression within the anther but that this is not a complete block with sufficient development to enable partial fertility to be maintained. The BR mutants also showed distinctive enlargement and vacuolation of the tapetal cells (Ye et al., 2010) ; this was not observed in ech, which suggests that although the BR pathway may be affected, it is unlikely to be the principal factor affecting male reproduction in ech. Rescue of fertility was also not seen with any of the hormone treatments (JA, GA, and indole-3-acetic acid), suggesting that the secretory defects are not down to global changes in hormone levels.
Endothecium thickening was reduced and disorganized in the ech mutant. The presence of thickening in the endothecium is essential for effective dehiscence (Dawson et al., 1999; Nelson et al., 2012) . The disorganized and decreased secondary thickening in ech may explain why incomplete and delayed anther dehiscence was seen. We have previously shown that MYB26 regulates secondary thickening in the anther, with the myb26 mutant failing to produce anther endothecium thickening (Yang et al., 2007) . However, the ech myb26 double mutant suggests that the MYB26 pathway is distinct from ECH, although the effects of TGN trafficking clearly impact upon secondary thickening. ECH-YFP expression was unaltered in the myb26 mutant, and there was no rescue of fertility in the double ech myb26 mutant, which showed the dwarf phenotype of ech and a lack of endothecium secondary thickening. This suggests that the regulation for secondary thickening is acting via MYB26 in the anther and is not principally determined by the secretory network; however, TGN trafficking can have a significant reduction on the mobilization of the components required for such wall formation.
CONCLUSION
We have shown that ECH expression is critical for a variety of aspects of male reproduction, which include the production of functional pollen grains, their effective release, and subsequent germination and pollen tube formation. These stages of pollen development are fundamentally influenced by TGN trafficking, and this is likely to affect both hormone and wall components required for their function. Overall, this suggests that the fertility defects are likely to be multifaceted, with TGN trafficking playing a significant role in the process of pollen formation, release, and fertilization.
MATERIALS AND METHODS
Plants and Growth
The ech transfer DNA insertion mutant line (SAIL_163_E09, Col0, Basta) in the qrt mutant background and ECHPro:ECH-YFP lines were provided by Dr. Rishi Bhalerao (Gendre et al., 2011) ; Arabidopsis (Arabidopsis thaliana) ecotype Columbia wild type and the qrt mutant line were obtained from the Nottingham Arabidopsis Stock Centre. The myb26 mutant, myb26 3 ECHPro:YFP, and myb26 3 ech lines were generated during this research. The ech mutant and the myb26 ech double mutant were selected by Basta spraying and then PCR confirmed using a transfer DNA insertion primer and ECH gene-specific primers (Supplemental Table S1 ). For the myb26 ech double mutant, ms35 3 ECHPro:ECH-YFP F2 seeds were screened on Murashige and Skoog medium + kanamycin (50 mg mL 21 ), and plants were subsequently PCR genotyped for the presence of the transgene (Supplemental Table S1 ).
Selected/screened plants were sown on Levington M3 (Scotts):vermiculite (3:1; w/w) compost mix supplemented with 0.2 g L 21 Intercept 70 WG (Scotts) and grown under 22 h of light (150 mmol m 22 s
21
) and 2 h of dark at 20°C 6 2°C.
Tetraspore and Pollen Variability Staining
Anthers were taken from newly opened flowers of the ech and wild-type (qrt) plants, and pollen viability was checked using Alexander viability stain (Alexander, 1969) . Young anthers at the meiosis stage were stained with DAPI (1 mg mL
21
) and observed using UV microscopy to analyze tetrad development.
Anther Sections
The main inflorescence was removed from wild-type (qrt) and ech plants that showed three fertile or sterile siliques; flowers and buds were fixed with 4% (v/v) paraformaldehyde, embedded, and sectioned according to VizcayBarrena and Wilson (2006) . Sections were stained with 0.5% (w/v) toluidine blue in 0.1% (w/v) sodium carbonate.
Pollen Germination Assay
Pollen germination assays were carried out in vitro on semisolid agarose medium [18% (w/v) Suc, 0.01% (w/v) boric acid, 1 mM CaCl 2 , 1 mM Ca(NO 3 ) 2 , 1 mM KCl, 0.01% (w/v) ferric ammonium citrate, 0.003% (w/v) casein hydrolysate, 1 mg L 21 polyvinylpyrrolidone, 1 mL L 21 Heller basal microelements solution, and 0.5% (w/v) agarose] on microscope slides. Pollen from freshly dehiscent anthers was placed on the agarose surface and maintained vertically in a humid chamber for 3 h (dark; 24°C). Pollen germination was observed using a Zeiss Axiophot microscope. For each plant line, a total of 300 pollen grains were counted. A pollen tube with a length greater than the grain diameter was considered germinated.
Confocal Microscopy of the Cell Wall
Anthers stained with ethidium bromide/acridine orange were visualized by confocal microscopy according to Yang et al. (2007) . The ethidium bromide stains lignified cells (red fluorescence; 514-nm excitation; emission collection at 590 nm [570-620 nm]), and the acridine orange stains nonlignified walls (green fluorescence; 488-nm excitation; emission collection at 520 nm [510-530 nm]).
Scanning Electron Microscopy
Wild-type and ech flowers were placed in a freeze drier (Christ Alpha 2-4 LD) at 250°C and 100 millitorr for 3 h. Dehisced anthers from the wild type and manually opened anthers from the ech mutant were coated with palladium-gold in a sputter coater (Hummer) and observed using a scanning electron microscope (ETEC) with an acceleration voltage of 10 kV.
Quantitative RT-PCR
Total RNA was isolated from buds (RNeasy; Qiagen), and complementary DNA was prepared using SuperScript II reverse transcriptase (Invitrogen) and an oligo (dT) primer (Invitrogen). Quantitative RT-PCR was performed according to Yang et al. (2007) using gene-specific primers (Supplemental Table S1 ), Brilliant SYBR Green qPCR Master Mix (Stratagene), and the LightCycler 480 Real-Time PCR System (Roche). Expression was normalized using the PROTEIN PHOSPHATASE2A-2 gene (Supplemental Table S1 ).
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers ECHIDNA (AT1G09330, NM_100803.3) and MYB26 (AT3G13890, NM_001084678.1).
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Supplemental Figure S1 . Transverse sections through mature echidna and wild type anthers.
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